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Left ventricular (LV) volumes are important prognostic
indexes in patients with heart disease. Although several
methods can evaluate LV volumes, most have important
intrinsic limitations. Real-time 3-dimensional echocardi-
ography (RT3D echo) is a novel technique capable of
instantaneous acquisition of volumetric images. The pur-
pose of this study was to validate LV volume calculations
with RT3D echo and to determine their usefulness in
cardiac patients. To this end, 4 normal subjects and 21
cardiac patients underwent magnetic resonance imag-
ing (MRI) and RT3D echo on the same day. A strong
correlation was found between LV volumes calculated
with MRI and with RT3D echo (r 5 0.91; y 5 20.1 1

0.71x; SEE 28 ml). LV volumes obtained with MRI were

greater than those obtained with RT3D echo (126 6 83
vs 110 6 65 ml; p 5 0.002), probably due to the fact
that heart rate during MRI acquisition was lower than
that during RT3D echo examination (62 6 11 vs 79 6 16
beats/min; p 5 0.0001). Analysis of intra- and interob-
server variability showed strong indexes of agreement
in the measurement of LV volumes with RT3D echo. Thus,
LV volume measurements with RT3D echo are accurate
and reproducible. This technique expands the use of
ultrasound for the noninvasive evaluation of cardiac
patients and provides a new tool for the investigational
study of cardiovascular disease. Q1999 by Excerpta
Medica, Inc.

(Am J Cardiol 1999;84:1434–1439)

In different forms of cardiac disease, left ventricular
(LV) volumes constitute an important prognostic

indicator, and their measurements thus determine pa-
tient management.1–5 Although several methods can
be used to assess LV volumes, most are limited by
their invasiveness, cost, or lack of repeatability. The
use of 2-dimensional echocardiography for LV vol-
ume measurements relies on geometric assumptions
which may be inaccurate in diseased ventricles.6,7

Three-dimensional echocardiography (RT3D echo)
has potential advantages because it does not require
assumptions of uniform LV geometry.8–14 Until re-
cently, the technique involved reconstruction of 2-di-
mensional images acquired over several cardiac cy-
cles,15,16 a method that has found limited applications
for routine clinical use. RT3D echo is a new technique
capable of acquiring and simultaneously displaying
volumetric cardiac images without electrocardio-
graphic or respiratory gating. This study was designed
to develop and validate a method for rapid LV volume

calculations with RT3D echo and to determine its
usefulness in cardiac patients.

METHODS
RT3D echo imaging: The method of RT3D echo

imaging was first developed in the Center for Emerg-
ing Cardiovascular Technologies at Duke Universi-
ty17,18 and is based on the use of a 2-dimensional
phased-array transducer. These 2-dimensional arrays
consist of a 43 3 43 element matrix with elements
measuring 0.3 3 0.3 mm. For the present studies, a
14-mm array was used with a center frequency of 2.5
MHz (Volumetrics Medical Imaging, model 1,
Durham, North Carolina). Figure 1 shows a 2-dimen-
sional array and the pyramidal shaped volume scanned
by this array. Scanning in azimuth and elevation are
achieved electronically, and 16-to-1 parallel process-
ing is used to increase the scanning speed. Due to the
parallelisms in receive, the 64° 3 64° pyramidal vol-
ume can be scanned at rates of 18 to 40 volumes/s
depending on the depth of the scan. For a typical
maximum range of 16 cm, the volume rate is 20/s. The
RT3D echo system permits the simultaneous display
of multiple sectional planes through the scanned vol-
ume. These planes include the traditional B-mode
planes (origin at the transducer force), C-mode planes
(parallel to the transducer force), and inclined C-scans
(Figure 1). The position of these planes are under
operator control and the thickness of C-scans or in-
clined planes may be varied from 0.3 to 6.0 mm. Up
to 6 seconds of volumetric scan data are stored on a
continuous basis. At the cessation of live scanning, a
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cine loop feature allows assessment of cardiac anat-
omy on a single or multiple beat basis. All image
plane manipulations available during live scanning are
also implemented during cine loop playback, thus
permitting the simultaneous display of multiple im-
ages positioned anywhere within the scanned volume.
Manual tracing on the C-scan images has permitted
the accurate determination of right ventricular stroke
volume in animal studies.19

Study protocol: Twenty-five subjects were enrolled
in a prospective study approved by the National Heart,
Lung, and Blood Institute Institutional Review Board
(NIH protocol # 98-H-0016). Each subject underwent
magnetic resonance imaging (MRI) and RT3D echo
examinations on the same day in random sequence.
Each subject also had a 12-lead electrocardiogram and
a routine 2-dimensional echocardiogram recorded to
determine the presence or absence of structural heart
disease. Only subjects with endocardial borders ade-
quate for measurement of LV volumes were included
in this study. All participants gave written informed
consent for all procedures. There were 4 normal vol-
unteers and 21 cardiac patients (16 men and 9 women;
mean age 46 6 14 years). Cardiac diagnoses included
ventricular septal defect (2 patients), ischemic cardio-
myopathy (2 patients), hypertrophic cardiomyopathy
(7 patients), and aortic regurgitation (10 patients).
Subjects were excluded from the study if they had a
history of atrial fibrillation, unstable angina, or a re-
cent myocardial infarction. Other specific contraindi-
cations relative to MRI included pacemaker implant,

aneurysm clip, neural stimulator, ear implant, or any
metallic foreign body.

MRI scans were performed on a 1.5T scanner with
enhanced gradient subsystems (General Electrics Ho-
rizon, Waukesha, Wisconsin). The left ventricle was
imaged using a prospectively gated, retrospectively
sorted cine gradient echo sequence that captures the
entire cardiac cycle within a breath hold.20,21 After
obtaining localizer scans, the left ventricle was im-
aged in multiple parallel short-axis views from the
mitral annulus to the apex. The slice thickness was 6
mm without separation, which resulted in 13 to 20
short-axis imaging planes for each subject. Each
short-axis slice was acquired on a separate breath hold
equivalent to 16 heart beats. The field of view was
36 3 24 cm, with an image matrix of 256 3 160 and
a 0.75 acquisition. The spatial resolution of the images
is approximately 1.4 3 1.5 mm/pixel. The temporal
resolution of images was nominally 72 ms, and at least
20 images were reconstructed across the cardiac cycle.
The echo time was 6.0 ms, the repetition time was
11.9 ms. Electrocardiographic gating was provided by
an optical ECG device (Magnetic Resonance Equip-
ment, Bay Shore, New York).

RT3D echo images were acquired with the subject
in the left lateral decubitus position and the transducer
placed at the cardiac apex. The gain and depth con-
trols, as well as the transducer position, were adjusted
to optimize the volumetric image so that the entire LV
cavity could be visualized from the simultaneously
displayed 4- and 2-chamber views. Two to 4 imaging
loops containing 32 frames were obtained in each
subject. Using the electrocardiographic signal, each
loop was subsequently trimmed to encompass an en-
tire cardiac cycle. The highest quality imaging loop
was then selected for inclusion in the study and stored
on optical disks for subsequent analysis.

Volume calculation by MRI: MRI images were ana-
lyzed by 2 independent observers unaware of the
measurements obtained by RT3D echo. LV end-dia-
stolic and end-systolic images were selected by iden-
tifying the frames showing the largest and smallest LV
cavity size, respectively. LV volumes were deter-
mined at end-systole and end-diastole by manual
planimetry of images on an independent workstation.
The LV cavity length was measured on 4- and
2-chamber views during end-diastole and end-systole
to ensure that an adequate number of short-axis im-
ages were included in the analysis. The endocardial
border of LV short-axis images were traced and ex-
cluded trabeculations and papillary muscles from the
blood pool. Endocardial volumes were summed on a
slice-by-slice basis and totaled for estimates of vol-
ume that require no geometric assumptions.22,23 The
custom software for volume measurements was cali-
brated with water-filled phantoms ranging from 7.5 to
465 ml. The correlation between water volume versus
MRI imaged planimetry volume was y 5 1.004x 2

1.496; r 5 0.99; SEE 5.8 ml. The interobserver vari-
ability of LV volumes in humans was described by the
linear regression y 5 1.06x 1 3.79; r 5 0.99; SEE 9.5
ml.

FIGURE 1. Two-dimensional array and pyramidal scan volume
for RT3D echo, showing a steerable B-scan plane in the volume
and an arbitrarily positionable inclined C-scan.
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Volume calculation by RT3D echo: RT3D echo im-
ages were analyzed by 2 independent observers un-
aware of the measurements obtained with MRI. In
addition, each volume measurement was repeated at
least 1 week apart by 1 observer to allow subsequent
assessment of intraobserver variability. Volumetric
images saved into optical disks were transferred to a
separate workstation (Silicon Graphics, Inc., Moun-
tain View, California) capable of high-resolution,
3-dimensional volume rendering. LV end-diastolic
and end-systolic images were selected by identifying
the volumetric frames showing the largest and small-
est LV cavity size, respectively. LV volume measure-
ments were determined by an interactive manual trac-
ing technique in which the endocardial border is
traced in the apical B-mode images using an algorithm
that incorporates the geometric characteristics of the
left ventricle.24 In our experience, measurement of a
single LV volume with this software takes approxi-
mately 2 to 3 minutes. This method is described in
detail in Figure 2 and its corresponding legend.

Statistical analysis: Data are presented as mean 6

SD. Because LV end-diastolic and end-systolic vol-
umes in each subject were assessed independently of

each other, analysis was initially performed for all LV
volumes and then for end-diastolic and end-systolic
measurements separately. Two means were compared
by paired Student’s t test. Relations between 2 vari-
ables were assessed by means of Pearson’s correlation
coefficient and by linear regression analysis. The
method of Bland and Altman25 was used to assess
agreement between 2 measurements.

RESULTS
Both MRI and RT3D echo studies were completed

in each subject within 4 hours. Eleven subjects under-
went MRI examination before RT3D echo, whereas
the remaining 14 subjects underwent RT3D echo ex-
amination first. The average heart rate during the MRI
acquisition was significantly lower than that recorded
at the time of the RT3D echo examination (62 6 11 vs
79 6 16 beats/min, respectively; p 5 0.0001), and
there was no significant correlation between heart rate
values measured during the performance of the 2
studies (r 5 0.20; p 5 0.34).

LV volume measurements ranged from 25 to 371
ml for MRI and from 24 to 339 ml for RT3D echo. LV
volume measurements obtained with MRI were sig-

FIGURE 2. Measurement of LV volumes from RT3D echo images
using an interactive-aided manual tracing algorithm. After identi-
fication of the appropriate (end-diastolic or end-systolic) frame, a
coordinate system is established by defining the apex, base, and
midventricular endocardium of the left ventricle. The base point
establishes the origin of the coordinate system; the apex estab-
lishes the direction of the z axis and the scale of the coordinate
system. In this illustration, the RT3D echo data are first presented
in a slice plane equivalent to the 4-chamber view of a conven-
tional 2-dimensional echocardiographic examination (A and B).
The LV endocardium is traced manually with immediate calcula-
tion of the corresponding volume. The system allows the traced
ventricular surface to be viewed relative to the tomographic slice
(A), and also provides a rendered view to allow the tomographic
slice to be examined relative to the traced surface (B). After the
manual tracing of the LV endocardium is completed in 1 plane,
the entire 3-dimensional image can be examined to ascertain
proper matching between the computer-generated tracing and the
LV endocardium in all planes. Panel C shows an instance in
which the tracing (red arrows) did not match the LV endocardium
at the outflow tract level (yellow arrows); this would result in
overestimation of the LV volume from the rendered cast shown in
panel D. The tracing can then be manually adjusted to track the
LV endocardium (E) with simultaneous automatic correction of the
rendered cast (note how the cast follows the contour of the LV
outflow tract in panel F) and more accurate assessment of LV vol-
ume. This manual correction can be performed in any plane and
region of the left ventricle as the examiner deems necessary. The
finally rendered cast can be examined from different angles (pan-
els G and H); the blue-shaded areas on the cast represent regions
where manual correction of the tracing was performed. The entire
process of calculating both end-diastolic and end-systolic volumes
takes approximately 5 minutes. In the slice view (panels A, C,
and E), the tomographic slice is always perpendicular to the view-
ing direction and the traced surface is presented as a contour
within the given slice. In the rendered view (panels B, D, and F),
the slice is imbedded within the traced ventricular surface and
orthographically projected based on a given viewing direction.
These views provide 2 unique perspectives on how the geometry
of the traced ventricular surface is changing as it is being drawn,
and allows the examiner to monitor the development of the
traced surface both for a particular LV region and for the entire
left ventricle.
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nificantly greater than those obtained with RT3D echo
(126 6 83 vs 110 6 65 ml, respectively; p 5 0.002;
mean difference 17 6 36). This difference was ob-
served with LV end-diastolic volumes (182 6 76 ml
with MRI vs 149 6 66 ml with RT3D echo; p
,0.0002), but not with LV end-systolic volumes
(70 6 43 ml with MRI vs 70 6 35 ml with RT3D
echo; p 5 0.93). A statistically significant correlation
was observed between the differences in heart rate
recorded during the performance of the 2 studies and
the differences in calculated LV volumes with the 2
techniques (r 5 20.59; p ,0.002). Further, in the 6
subjects whose heart rates during both examinations
were within 5 beats, there was a stronger correlation
(r 5 0.96 vs r 5 0.91) and a significantly smaller
difference between MRI and RT3D echo volumes
(6 6 19 vs 224 6 38 ml; p ,0.0001) than between
those in the remaining 19 subjects with greater differ-
ences in heart rates during both examinations.

A strong correlation was observed between LV
volume measurements from MRI and from RT3D
echo (r 5 0.91, mean difference 16 6 36 ml; Figure
3). The correlation was slightly stronger for end-dia-
stolic than for end-systolic volumes (r values 5 0.88
and 0.82, respectively). Both for end-diastolic and for
end-systolic volumes, a relation was found between
the calculated volumes and the difference in the mea-
surements with MRI and RT3D echo, so that the
larger LV volumes were those that showed the greater
differences in measurements between the 2 techniques
(r 5 0.65; Figure 3B). A strong correlation between
the MRI and RT3D echo was also observed for cal-
culated stroke volume measurements (r 5 0.84), but
was less significant for ejection fraction (r 5 0.72).

There was a high index of intraobserver (r 5 0.96,
mean difference 6 6 17 ml; Figure 4) as well as
interobserver (r 5 0.98, mean difference 3 6 15 ml;
Figure 5) agreement for the RT3D echo-derived LV
volume measurements.

FIGURE 3. Relation between MRI and RT3D echo measurements
of LV end-diastolic (filled circles) and end-systolic (open circles)
volumes measured in 25 subjects. Panel A shows the correlation
between measurements obtained with the 2 techniques. Panel B
shows the Bland and Altman plot of the difference between MRI
and RT3D echo LV volumes as a function of the average calcu-
lated volumes25; values above the zero line represent instances
in which the RT3D echo volume was greater than the MRI vol-
ume; the dashed and solid lines indicate mean 6 2 SDs of the
difference, respectively.

FIGURE 4. Intraobserver variability for RT3D echo measurements
of LV end-diastolic (filled circles) and end-systolic (open circles)
volumes obtained in 25 subjects. Panel A shows the correlation
between 2 measurements obtained by the same observer. Panel
B shows the Bland and Altman plot of the difference between
both measurements as a function of the average measure-
ments25; the dashed and solid lines indicate mean 6 2 SDs of
the difference, respectively.
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DISCUSSION
Findings in the present study demonstrate that

RT3D echo, a novel technique capable of providing
noninvasive evaluation of cardiac anatomy in real
time, is accurate and reproducible for the quantitative
assessment of LV volumes. Thus, in a group of pa-
tients with different forms of cardiac disease who
underwent MRI and RT3D echo examinations on the
same day, a strong correlation was observed between
the measurements of LV volumes provided by the 2
techniques. Further, analysis of intra- and interob-
server variability showed strong indexes of agree-
ment, indicating that measurements of LV volumes
obtained with RT3D echo are highly reproducible.

RT3D echo may represent a significant step for-
ward for the evaluation of patients with heart disease.
This technique shares the advantages of conventional
cardiac ultrasound, in that it is completely noninva-
sive, provides on-line assessment of images in real
time, and allows image acquisition with the use of a
hand-held transducer connected to a portable machine.

In addition, RT3D echo offers the unique ability to
visualize all regions of the left ventricle in a single
heart beat. Whereas evaluation of LV volumes from
2-dimensional images requires assumption of LV ge-
ometry, RT3D echo measurements are independent of
LV shape, and thus may be particularly helpful in
patients with asymmetric hypertrophy, regional wall
motion abnormalities, and aneurysms, in whom quan-
titative assessment of volumes is more clinically rel-
evant.

In the present study, measurements of LV volumes
from RT3D echo images were obtained on a separate
workstation using customized software. This software
was developed to provide rapid volume calculations
taking full advantage of the acquired volumetric im-
age. The time required for calculation of LV end-
diastolic and end-systolic volumes (and therefore ejec-
tion fraction) is approximately 5 minutes, and thus
similar to that needed to calculate ejection fraction
using radionuclide ventriculography. Although the
system currently requires relatively expensive hard-
ware capable of handling volumetric images, the rapid
developments in computer technology and reduction
in costs should make this system available to most
institutions in the near future.

In our study, we found that, despite the strong
overall correlation between MRI and RT3D echo,
there were important discrepancies in the calculation
of LV volumes in certain patients. We cannot directly
determine whether the larger volumes measured with
MRI were due to overestimation by this technique or
to underestimation by RT3D echo. This limitation is
common to all studies of in vivo measurements of
cardiac volumes, for which no true “gold standard” is
available. It is possible that those differences were a
reflection of lesser accuracy of RT3D echo than with
MRI owing to poorer image resolution, weaknesses in
the methodology for volume measurements, or both.
However, these discrepancies may have been partially
due to actual changes in LV volumes occurring be-
tween the 2 examinations. Thus, despite our attempt to
perform both studies in random sequence, and as close
in time to each other as possible, we observed a
significantly lower heart rate during MRI acquisition
than during RT3D echo examination. Autonomic
changes induced by increasing right atrial filling dur-
ing breath holding may explain the surprisingly lower
heart rate during MRI, which, in turn, may account for
the larger cardiac volumes recorded with this tech-
nique. The relation observed between the differences
in heart rate and the differences in measured LV
volumes lends further credence to this concept, as do
the stronger correlation and smaller differences in LV
volume measurements in the subset of patients whose
heart rate differences between the 2 examinations
were within 5 beats.

Compared with currently available 2-dimensional
echocardiography machines, the RT3D echo system
used in our study has certain important limitations.
First, the RT3D echo system has lower image resolu-
tion that limits its use in patients with suboptimal
ultrasound window. For this reason, only patients with

FIGURE 5. Interobserver variability for RT3D echo measurements
of LV end-diastolic (filled circles) and end-systolic (open circles)
volumes obtained in 25 subjects. Panel A shows the correlation
between measurements obtained by 2 different observers. Panel
B shows the Bland and Altman plot of the difference between
both measurements as a function of the average measure-
ments25; the dashed and solid lines indicate mean 6 2 SDs of
the difference, respectively.
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adequate images were included in the present study.
The use of ultrasound contrast agents that opacify the
LV cavity may expand the use of this technique to
patients with suboptimal images. Second, the RT3D
echo system provides lower temporal resolution. The
resulting relatively slow frame rate could be a source
of error in LV volume measurements and may partly
explain some of the discrepancy observed with MRI
measurements in our study. Finally, the RT3D echo
examination is limited to a 64° pyramidal volume as
opposed to the 90° sector angle provided by conven-
tional 2-dimensional echocardiography, and therefore
does not allow a simultaneous assessment of the left
and right ventricles in patients with enlarged cardiac
chambers. Further technologic developments are nec-
essary for a more comprehensive evaluation of cardiac
patients with RT3D echo.

In conclusion, results of the present study indicate
that LV volume measurements from images obtained
with RT3D echo are accurate and reproducible. This
novel technique expands the use of ultrasound for the
noninvasive assessment of patients with heart condi-
tions and provides a new tool for the investigational
study of cardiovascular disease.
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